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RECENT ADVANCES TO NEC: APPLICATIONS AND VALIDATION *
G. J. Burke

Lawrence Livermore National Laboratory
P.O. Box 5504, L-156, Livermore, CA 94550

ABSTRACT

Capabilities of the antenna modeling code NEC are reviewed and results are presented to illustrate
typical applications. Recent developments are discussed that will improve accuracy in modeling elec-
trically small antennas, stepped-radius wires and junctions of tightly coupled wires, and also a new
capability for modeling insulated wires in air or earth is described. These advances will be included in
a future release of NEC, while for now the results serve to illustrate limitations of the present code.
NEC results are compared with independent analytical and numerical solutions and measurements to
validate the model for wires near ground and for insulated wires.

1. INTRODUCTION

Computer modeling of antennas, since its start in the late 1960’s, has become a powerful and widely
used tool for antenna design. Computer codes have been developed based on the Method of Moments,
Geometrical Theory of Diffraction, or integration of Maxwell’s equations. Of such tools, the Numerical
Electromagnetics Code — Method of Moments (NEC) [1) has become one of the more widely used codes
for modeling resonant sized antennas. There are several reasons for this, including the systematic
updating and extension of its capabilities, extensive user-oriented documentation and accessibility of
its developers for user assistance. The result is that there are estimated to be several hundred users of
various versions of NEC world wide.

NEC has been under development for more than ten years (in earlier forms it was known as BRACT
and AMP.) It is a hybrid code which uses an electric field integral equation to model wire-like objects
and a magnetic field integral equation to model closed surfaces with time harmonic excitation. NEC
is commonly applied to modeling antennas in VLF to VHF applications on ships, vehicles or on the
ground. It includes a number of features for efficient modeling of antennas and scatterers in their
environments including antennas interacting with or buried in a finitely conducting ground. Recent
work on NEC has added a capability for modeling insulated wires in the air or ground and improved
accuracy for electrically small antennas and the treatment of an abrupt change in wire radius.

We will review the current status of NEC and discuss recent enhancements and new developments.
Some typical results and validation examples are included.

2. THE BASIC MODELING APPROACH

NEC combines an electric-field integral equation (EFIE) for wires and a magnetic-field integral
equation (MFIE) for surfaces to model complex structures. Each equation has advantages for particular
structure types. The EFIE is well suited for thin wires with small or vanishing conductor volume, while
the MFIE, which fails for thin wires, is more attractive for closed, voluminous structures, especially
those having large smooth surfaces. The EFIE can also be used to model surfaces and is preferred for
thin structures where there is little separation between a front and back surface. Although the EFIE
is specialized to thin wires in NEC, it can be used to represent surfaces as wire grids. Grid models are
often more accurate for far-field quantities than for surface fields or currents, however. For a structure
containing both wires and surfaces the EFIE and MFIE are coupled, as was described by Albertsen,
Hansen and Jensen in (2]. A derivation of the EFIE and MFIE used in NEC is given by Poggio and
Miller in (3].

The thin wire approximation is applied to the EFIE to reduce it to a scalar integral equation. The
basic approximations are to neglect transverse currents and transverse variation of the axial current on
the wire, and to enforce the boundary condition on electric field in the axial direction only. In NEC,
the current is lumped as a filament on the wire axis and the boundary condition is enforced on the
wire surface to facilitate evaluation of the kernel. These approximations are valid as long as the wire
radius is much less than the wavelength and much less than the wire length. An alternate kernel for
the EFIE, based on an extended thin-wire approximation in which the current is a tubular distribution
on the wire surface, is also included for wires having too large a radius for the thin-wire approximation

* Work performed under the auspices of the U S. Department of Energy by the Lawrence Livermore National
Laboratory under Contract W-7405-Eng-48.
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(4]. With the thin-wire approximation, the EFIE for a wire with radius a(s) becomes
- = _ —_JT’ ! 24 a1 82 ~ = —
_s-E(r)_4ﬂ_k CI(s)(k §-5 —as—as’)g(r,r')ds'« 7 € C(s) (1)

where
g(F,7') = exp(~jkR)/R.  R=[|F ~+'1? + a¥(s)]/2

k = w(pger) /2, n = (uo/eo)’*.

I is the induced current, E* is the exciting field, § and §’ are unit vectors tangent to the wire at s and
s', and ¥ and 7' are vectors to the points s and s’ on the wire contour C.

The MFIE for a closed surface S is

"y 1- 1 .
() x B() = =5 7) + o= [0 x [LF) x var )] aa, fes )

where 7(7) is the unit vector normal to the surface at 7, H' is the exciting magnetic field and J, is
the surface current. Eq. (2) is derived from the condition that magnetic field is zero inside a perfectly
conducting solid, with a jump of J, x 7 at the surface. Hence it is valid only for a closed perfectly
conducting shell. Eq. (2) is separated into coupled scalar integral equations for components of the
surface current. For models involving both wires and surfaces the electric field due to surface currents
is included in the right-hand side of Eq. (1) and the magnetic field due to wires is included in the
right-hand side of Eq. (2) leading to coupled integral equations for the currents.

While Egs. (1) and (2) apply to an antenna in free space, they are easily extended to an infinite
dielectric or conducting medium by replacing €y and pg by € and p of the medium. When the antenna
is located near a ground plane, the right-hand sides of Egs. (1) and (2) are modified to include the
increment in the field of the source current due to the interface, either using an image or (for wires
only in NEC-3) the Sommerfeld-integral solution for a point source near the interface.

The integral equations (1) and (2) are solved numerically by a form of the method of moments,
which involves expanding the unknown current in a summation of basis functions and enforcing equality
of weighted integrals of the fields to reduce the integral equation to a matrix equation [5]. The weighting
functions for both wires and surfaces are chosen to be delta functions, resulting in a point sampling
of the fields known as the collocation method. Wires are divided into short straight segments with a
sample point at the center of each segment, while surfaces are approximated by a set of flat patches or
facets with a sample point at the center of each patch.

Delta functions are also used as the current expansion functions on surfaces. For the MFIE this
elementary Galerkin’s method has been found to provide good accuracy on large smooth surfaces. Due
to the nature of the integral-equation kermels, however, the choice of current expansion functions is
more critical in the EFIE than in the MFIE.

The expansion functions for the current on wires are chosen so that the total current on segment
number j has the form

Ij(s) = Aj + Bjsink,(s — 5;) + C; cosky(s - s), Is — sj] < Aj/2 (3)

where s; is the value of s at the center of segment j and A, is the length of segment j. The factor k; is
normally equal to the wave number in the medium containing the wire. This expansion was first used
by Yeh and Mei [6] and has been shown to provide rapid solution convergence. In NEC, the constants
in Eq. (3) are chosen so that the basis functions are generalized B-splines extending over three segments
(or more at multiple wire junctions) and constructed from the three-term sinusoidal function.

Two of the three constants in Eq. (3) are eliminated by continuity conditions on current and charge
at the segment ends. Current is continuous or satisfies Kirchhoff’s current law at multiple wire junctions.
Charge is continuous on uniform wires. At a junction where the wire radius changes, the linear charge
density (or 0I/8s) on the wire with radius a; is made proportional to

¥ = [111 (k%) - 0.5772}_1. (4)

This condition on charge was derived in [7] by analysis of a wire with tapered radius, and hence is often
called the Wu-King condition. On a wire passing from air into ground, the charge is discontinuous by
the ratio of media permittivities [8]. Expressions for the basis functions that result from applying these
conditions on current and charge are included in [1]
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Where a wire connects to a surface, a more realistic representation of the surface current is needed
than the delta-function expansion normally used with the MFIE. The treatment used in NEC is similar
to that used by Albertson et al. [2]. In the region of the wire connection, the surface current includes a
singular component with the form 5/p?, where 5 is the the surface vector from the attachment point,
as well as a continuous function providing interpolation to the current on adjacent patches.

As a result of the continuity conditions on current and charge there remains one unknown associ-
ated with each basis function to be determined by solving the electromagnetic interaction equations.
Enforcing appropriate conditions on the current and charge results in rapid convergence of the solution.
The danger is that the conditions may be inappropriate under some conditions, as may occur in NEC at
a change in wire radius and at junctions of closely spaced wires. The result is then slower convergence.
More accurate conditions for these cases are being developed, as discussed in Section 4.

3. CAPABILITIES OF NEC

Two versions of NEC are currently being released: NEC-2 which has no distribution restrictions
and NEC-3 which is classified as Defense Critical Technology, and hence can be released only to DoD
agencies and contractors. Foreign release of NEC-3 requires specific DoD approval. The only difference
in the capabilities of these codes is that NEC-3 can model wires that are buried or penetrate from
air into the ground, while NEC-2 is limited to antennas in free space or above a ground plane. The
capabilities of these codes are summarized below.

3.1 Source Modeling

A voltage source on a wire may be modeled by an applied field on a segment or a discontinuity in
charge between segments. The charge discontinuity, or “bicone” source model yields a more localized
excitation than the field over a segment, but it is accurate only for small wire radius [9]. Alternatively,
a structure may be excited by a plane wave with linear or elliptic polarization or by the near field of
an infinitesimal current element.

3.2 Nonradiating Networks, Transmission Lines and Loading

Nonradiating two port networks and transmission lines may connect points on wires. These are
modeled by constructing a driving-point admittance matrix from the admittance matrix of the entire
structure to avoid modifying the larger matrix. Lumped or distributed RLC loads may be specified on
wires. Also, the conductivity of a round wire may be specified and the impedance computed taking
account of skin depth.

3.3 Ground Effects

Three options are available for an antenna in or near the ground. A perfectly conducting ground
is modeled by including the image field in the kernel of the integral equation. This doubles the time
to compute the interaction matrix. An approximate model for an antenna over a finitely conducting
ground uses the image modified by Fresnel plane-wave reflection coefficients. This approximation is
usable for antennas at least 0.1 to 0.2 wavelengths above the ground and doubles the time to fill the
matrix.

NEC-3 includes an accurate treatment for wire structures above, below, or penetrating the ground
surface. The solution is based on the Sommerfeld-integral formulation for the field near the interface.
For the moment-method solution, the field values are obtained by table lookup and parameter estimation
involving a model for the functional behavior of the field transmitted across the interface. The current
expansion is modified to account for the discontinuity in charge on a wire penetrating the interface.

This numerical treatment for buried wires is described in [8]. NEC-2 includes a similar ground model
limited to wires above the ground.

Over ground, NEC will compute the radiated space wave, with direct and reflected rays, and can
also include the surface wave. A cliff or abrupt change in ground parameters is treated by computing
the reflected ray for the appropriate ground parameters and height at the refiection point, but without
including diffraction. Hence at grazing angles to the ground, since the reflection point is at an infinite
distance, only the outer medium affects the field. The inner medium is always used in computing the
antenna currents. Also, no model for a cliff is available when the surface wave is computed. Options
for a more complete treatment of a cliff are discussed in Section 4.5.

3.4 Efficient Solution Methods

The matrix equation that results from the moment method is solved by LU decomposition, with
the factors saved for reuse when the excitation or other parameters that do not alter the matrix are
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changed. Rotational symmetry or reflection symmetry in one to three planes can be used to reduce the
times to fill and to factor the matrix. New wires or surfaces may be added to a structure for which the
matrix has already been computed, factored and saved on a file. The new solution is found from the self
and mutual interaction matrices through a partitioned-matrix algorithm with no unnecessary repetition
of calculations for the basic structure. This feature can be used to take advantage of symmetry in a
portion of a structure to which unsymmetric parts connect or interact.

3.5 Input

A user-oriented input scheme permits defining straight wires, arcs, and surfaces. Shifts, rotations,
and reflections can be used in building complex structures. Electrical connections are determined in
the program by searching for wire ends and patch centers that coincide. A solution can be repeated for
modified model parameters (transmission lines, loading, ground, etc.) in the input sequence without
respecifying parameters that are not changed.

3.6 Qutput

Output may include current, charge density on wires, input impedance, admittance, input power,
ohmic loss and efficiency. For transmitting antennas, radiated field and power, power gain, directive
gain, average gain and ground-wave field are available. Near E and H can be computed at points on

or off of the antenna. Receiving patterns and scattering cross sections are available with incident field
excitation.

3.7 Modeling Guidelines

There are a number of rules that must be followed in specifying the model in order to obtain
accurate results from a code such as NEC. Unfortunately many of these rules can be ignored and the
code will still give results — usually wrong. Hence a user should become familiar with the modeling
guidelines before attempting to use the code. Some of the guidelines are summarized below.

For accurate results, the lengths of wire segments should be less than about 0.1 A. Longer segments
up to about 0.14 X may be acceptable on long, straight wires or noncritical parts of a structure, while
shorter segments, 0.05 X or less, may be needed in modeling critical regions of an antenna. There is also
a minimum segment length set by the computational precision. With seven place precision, common
on 32-bit computers, the minimum segment length is about 10*A. In double precision the minimum
length is about 1073\, The restrictions on minimum segment length will be relaxed in a future version
of the code, as discussed in Section 4.1.

The wire radius a relative to A is limited by approximations used in the kernel of the EFIE. Two
options are available in NEC: the thin-wire kernel (TWK) and the extended thin-wire kernel (ETWK).
With the ETWK the ratio of segment length to radius can be as small as 0.5 before instabilities
appear in the solution, while with the TWK the limit is 2. In either case, only currents in the axial
direction on a segment are considered, and there is no allowance for variation of the current around
the wire circumference. Also, the ETWK, when it is selected, works only on straight sections of wire.
The acceptability of these approximations depends on both the value of a/A and the tendency of the
excitation to produce circumferential currents or current variation. The capacitive effect of a step in
radius, and consequent shortening of the electrical length, is not modeled accurately in the present
NEC. If a discontinuous radius must be modeled it is best to keep the ratio of radii less than two,
and to use segments as long as possible at the discontinuity. A new model for a stepped-radius wire is
described in Section 4.3.

Electrically small loops present special accuracy problems. In single precision the minimum loop
circumference is about 0.07A while in double precision it is about 3(107*)A. These limits can be
removed, as described in Section 4.2, by including loop basis and weighting functions on each small
loop. This capability is not yet in the released version of NEC, however. For a loop over a finitely
conducting ground the solution fails when the loop size is somewhat less than resonant. Hence small
loops over ground cannot presently be modeled.

Due to the nature of the MFIE, surfaces modeled with patches must be closed. A reasonable
maximum for the area of a surface patch on a smooth surface appears to be 0.04 square wavelengths.

An important consideration in using NEC is the solution time versus model size since this may
limit the amount of detail that can be modeled and the segment and patch densities. For a model using
N wire segments, the solution time in seconds on a CDC 7600 computer is approximately

T = 3(1074)kN?/M + 2(10"8)N3/M?
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